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[Pi] increased during fatigue from 7.6 Ϯ 1.7 to 16.0 Ϯ 1.6 mmol/kg muscle wet wt and returned to control during recovery. Intracellular Ca 2ϩ was measured with cameleons whose plasmids had been transfected in the muscle 2 wk before the experiment. Yellow cameleon 2 was used to measure myoplasmic Ca 2ϩ , and D1ER was used to measure sarcoplasmic reticulum (SR) Ca 2ϩ . The myoplasmic Ca 2ϩ during tetani declined steadily during the period of fatigue and showed complete recovery over 4 min. The SR Ca 2ϩ also declined monotonically during fatigue and showed a partial recovery with rest. These results show that the initial phase of force decline is accompanied by a rise in [P i] and a reduction in the tetanic myoplasmic Ca 2ϩ . We suggest that both changes contribute to the fatigue. A likely cause of the decline in tetanic myoplasmic Ca 2ϩ is precipitation of CaPi in the SR. muscle fatigue; sarcoplasmic reticulum calcium; cameleons MUSCLE FATIGUE IS THE DECLINE in performance of muscles associated with intense activity. The mechanisms involved have been widely studied in preparations ranging from intact humans to isolated contractile proteins (for review see Refs. 3 and 19) . One approach involves the use of isolated, single muscle fibers, in which hypoxia and extracellular accumulation are minimal and fluorescent indicators can be used to report on the intracellular status. This approach can be coupled with use of skinned fibers, in which the effects of specific metabolic changes on the performance of the contractile machinery and of Ca 2ϩ cycling by the sarcoplasmic reticulum (SR) can be tested.
For isolated, single type IIx fibers fatigued by repeated, maximal isometric tetani, force declines in a number of phases (29) . Phase 1 is complete in Ͻ1 min and is associated with a fall of tension to 80 -90% of the initial value. It is generally thought to be principally caused by the inhibitory effects of inorganic phosphate (P i ) on cross-bridge cycling (10, 18, 32) . During phase 2, which is quite variable in duration, force is relatively stable. After some minutes, phase 3 commences; during phase 3, ATP falls, ADP and P i accumulate (26) , and intracellular Ca 2ϩ release from the SR (assessed by the magnitude of the tetanic increase in myoplasmic Ca 2ϩ concentration, or tetanic [Ca 2ϩ ] myo ) gradually declines (4) . The functional importance of the fall of tetanic [Ca 2ϩ ] myo in phase 3 has been established by use of caffeine, which can increase the tetanic [Ca 2ϩ ] myo and causes the force in a fatigued muscle to recover to around the phase 2 level (42) .
Such methods, while mechanistically powerful, have a number of disadvantages. 1) They have generally been performed at room temperature for reasons of convenience and because isolated muscle preparations do not survive well at 37°C. 2) These methods eliminate hypoxia, because diffusion gradients from the perfusate are minimal, and they also minimize accumulation of extracellular products, such as K ϩ , H ϩ , and CO 2 , each of which may play some role in fatigue of the intact muscle. 3) There is no blood flow, so all the elements provided by blood, including hormones, cytokines, plasma proteins, red blood cells, and white blood cells, are generally absent. Nor are there changes in blood flow, which are critical for the increased level of oxidative metabolism in intact preparations. 4) Neighboring cells are absent, and it is probable that interactions between cells can influence fatigue. For all these reasons, there is considerable interest in developing more realistic models of fatigue that retain some of the investigative advantages associated with simplified models.
In the present study, we exploit some of the possibilities raised by genetically encoded Ca 2ϩ indicators, cameleons (33) , and by two-photon confocal microscopy (16) . Cameleons are based on calmodulin, with cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) added to the ends. When Ca 2ϩ binds, the calmodulin folds and allows fluorescence resonance energy transfer (FRET) between CFP and YFP. Thus the method is intrinsically ratiometric, and an additional advantage is that a targeting sequence can be added, so that the indicator can be targeted to the myoplasm, SR, or other cellular compartments. Two-photon microscopy utilizes the fact that if two photons are absorbed by a chromophore near simultaneously (Ͻ1 fs), they can act like a single photon of approximately half the wavelength. Thus the indicators can be excited at about twice the normal wavelength, reducing tissue absorption and scattering. In practice, fluorescence can be measured deeper within tissues and with blood flow present. In muscle, this approach has been developed by Rudolf et al. (38, 39) , who showed that cameleon-based indicators could be expressed in the mouse tibialis anterior muscle and could be targeted to the myoplasm, SR, or mitochondria. Using FRET signals generated by illumination with a pulsed laser and a two-photon confocal microscope, Ca 2ϩ signals could be mea-sured with the time course and magnitude expected at these sites.
In the present study, we have tested the hypothesis that raised intracellular phosphate concentration ([P i ]) is a cause of fatigue. We show a strong negative correlation under a number of conditions between [P i ] and force and suggest that the mechanisms involved include reduction of the Ca 2ϩ sensitivity of the contractile machinery by P i and precipitation of CaP i in the SR, causing reduced tetanic [Ca 2ϩ ] myo .
METHODS

Animals and transfection.
Adult C57BL/6J mice were used. Use and care of animals were approved by the relevant authorities in Germany and Australia. An intraperitoneal injection of a combination of xylazine (Rompun, Bayer) and tiletamine ϩ zolazepam (Zoletil 100, Laboratoires Virbac) was used for anesthesia. Transfection was carried out under anesthesia at ϳ2 wk before the main experiment. The skin was cut, exposing the tibialis anterior muscle, and 30 g of the expression plasmid (concentration of 2 mg/ml) were injected into the body of the exposed muscle. The muscle was then electroporated to enhance intracellular plasmid entry into the muscle cells (38; for details see Ref. 39) . Transfection experiments used the following constructs, both cloned into pcDNA3 (Invitrogen): yellow cameleon 2 (YC2) (33) and D1ER (35) .
In vivo microscopy. In vivo microscopy was performed as previously described (38, 39) , with minor modifications. Briefly, at 10 -14 days after transfection, animals were anesthetized, and transfected muscles were exposed (Fig. 1) . The distal tendon and body of the muscle were dissected free, and the tendon was tied to the force transducer, while the muscle body was positioned horizontally for microscopy. The upper and lower parts of the leg were immobilized by pins bent into a U shape and inserted into the cork base. A two-photon system (Leica Microsystems) employing an upright microscope (DMRE TCS SP2) equipped with a ϫ20/0.7 numerical aperture HC PL APO CS IMM/CORR UV multi-immersion objective was used (depth of focus ϭ 430 m). The objective was positioned immediately above the muscle, and a viscous artificial tear solution (Visc-Ophtal gel, Winzer-Pharma) was used to optically couple the objective to the muscle. This solution also prevented the surface of the muscle from drying out and ensured electrical coupling between the stimulating electrodes and the muscle. Fibers were imaged from superficial layers to a depth of ϳ400 m. Images were taken at 15-s intervals at 128 ϫ 128 pixel resolution with 200-Hz scan frequency (5 ms per line), giving a scan duration of 1.28 s. YC2 or D1ER fluorescence was excited with a mode-locked pulsed MaiTai laser (Spectraphysics) tuned to 820 nm, designed to excite CFP. The principle of the method is that YFP will not fluoresce unless Ca 2ϩ binds, causing calmodulin folding and allowing FRET between CFP and YFP. Thus the ratio of YFP to CFP fluorescence is Ca 2ϩ sensitive. CFP and YFP fluorescence signals were simultaneously detected by nondescanned detectors (NDD1 and NDD2) equipped with a RSP 505 dichroic mirror and BP485/30 and BP560/50 emission filters (all from Leica Microsystems). Photomultiplier gains and offsets were kept constant, and laser intensity was adjusted according to the depth of observed fibers.
Stimulation and force recordings. Muscle contraction was stimulated using platinum wire electrodes (0.5 mm diameter) placed on the upper surface of the tibialis anterior muscle and perpendicular to the long axis. Tetanic stimulations were applied at 1-or 2-min intervals when the muscle was near resting and usually at 4-s intervals when the muscle was being intensively stimulated to cause fatigue. In a few cases, the muscle was simulated at 3-s intervals (see Figs. 6B and 7B). In all cases, the individual pulses had a duration of 0.5 ms repeated with a frequency of 100 Hz and a tetanus duration of 400 ms. Thus, when stimulated at 4-s intervals, the duty cycle is 0.4/4 ϭ 0.1. Stimulation strength was ϳ20% greater than that which produced maximal force. Tests in the fatigued muscle showed that the stimulus was still maximal. Muscle force was recorded with a MTL50 force transducer coupled to a PowerLab recorder (both AD Instruments). The muscle was stretched to the length at which tetani were maximal. On average, the mouse tibialis anterior muscles were 11.3 mm long, weighed 59 mg, gave 0.98 N force, and developed 190 mN/mm 2 (assuming cylindrical geometry and fibers running parallel to the long axis).
Image data analysis. Images were analyzed using ImageJ (http:// rsb.info.nih.gov/ij/). YFP-to-CFP fluorescence ratios were calculated as follows. After background subtraction, YFP and CFP images were spatially filtered, and a ratio image was calculated. Regions of the image were selected for measurement if the pixel values in the YFP and CFP images were Ͼ2 SDs above the background. Typical regions were 10 ϫ 10 m. Saturated pixels and autofluorescent objects were excluded from the analysis. Mean YFP-to-CFP ratios were determined from regions of interest and temporally aligned with the muscle force traces in an Excel spreadsheet. The timing of confocal images was marked on the force record and accurately aligned by movement artifacts on the confocal images.
Three problems reduced the availability and reliability of the Ca 2ϩ measurements, particularly during tetani. 1). Only a fraction, 10 -20%, of muscle fibers in the region of the injection expressed the cameleon robustly ( Fig. 2A) . 2) Because the Leica microscope could not be synchronized with external devices, it was not possible to ensure that muscle images were collected at an identified phase of the tetanus. 3) When muscles contract, even isometrically, there is considerable movement; so fibers loaded with fluorescent indicator are usually not in the same plane of focus at rest and during a tetanus. Thus, frequently, although a fiber was visible in the relaxed muscle, no fiber was visible during the tetanus. The combination of these problems means that tetanic [Ca 2ϩ ]myo values were only collected intermittently and often did not display the full amplitude (see Fig.   Fig. 1 . Schematic diagram of the apparatus: arrangement of the anesthetized mouse and exposed tibialis anterior muscle, together with some of the optical elements. Distal tendon of the muscle was attached to a force transducer. Stimulating electrodes were in contact with the upper surface of the muscle and immersed in a viscous saline solution, which also optically coupled the microscope objective to the upper surface of the muscle. Optical elements are as follows: MaiTai (pulsed laser operating at 820 nm), LP (long-pass dichroic mirror centered on 770 nm), RSP (short-pass dichroic mirror centered on 505 nm), BP (band-pass filters centered on 485 and 560 nm with acceptance width of 30 and 50 nm), and NDD (nondescanned light detectors). 6A). These problems are less important when the aim is to measure resting values of the fluorescence parameters, e.g., resting [Ca 2ϩ ]myo or [Ca 2ϩ ]SR. It is important to establish that YC2 and D1ER are correctly located in the myoplasm and SR, respectively, and to reliably sample the [Ca 2ϩ ] at these sites. Figure 2A demonstrates that YC2 is uniformly distributed throughout the intracellular space of expressing myotubes. Higher-resolution images of D1ER expression in muscle demonstrate that most of the intracellular expression [green in Fig. 2B(i) ] appears as transverse bands and collocates with sarco(endo)plasmic reticulum Ca 2ϩ -ATPase [SERCA; red in Fig. 2B (ii)]. These data confirm the extensive characterization of the YC2 signals in muscle (39) , which demonstrates that YC2 gives typical tetanic [Ca 2ϩ ]myo signals in response to changes in stimulus frequency. In contrast, D1ER locates in the SR (24, 35, 38) and, when expressed in muscle, yields Ca 2ϩ signals, which fall during twitches and tetani, as expected for an SR-located indicator (24, 38) .
Blood flow and temperature measurements. Blood flow was estimated using a laser-Doppler flowmeter (Moor Instruments), the probe of which was applied to the outer surface of the muscle. Temperature was measured with a thermistor (ϳ0.5 mm diameter) placed on the surface of the exposed muscle with a small drop of Tyrode solution to ensure thermal coupling (laboratory temperature ϳ22°C). Flow was measured in three situations: 1) in the intact, undissected tibialis anterior after removal of skin and connective tissue over the surface of the muscle, 2) in the tibialis anterior muscle after detachment of the distal tendon and attachment to the force transducer, and 3) throughout fatiguing stimulation. In addition, at the end of experiments, the anesthetized mouse was euthanized by cervical dislocation, and the no-flow signal of the laser-Doppler flowmeter was determined (37) . In a typical experiment, this signal was ϳ40% of the resting blood flow. This "no-flow" signal has been subtracted from all data in RESULTS. Doppler flow measurements produce an artifactual signal when there is relative movement between the probe and the muscle. These mainly occur at the start and end of contractions and should have little effect on the estimates of resting flow and flow during a tetanus.
Myoplasmic [P i] measurements. Myoplasmic [Pi] was measured in six conditions: 1) in resting muscles (control), 2) after 4 min of the standard fatigue protocol, when the force had stabilized (standard fatigue), 3) after 4 min of recovery (recovery), 4) after 8 min of the standard fatigue protocol (extended fatigue), 5) after 4 min of stimulation at 2-s intervals (double duty cycle), and 6) in a sample from an animal subjected to cervical dislocation after 4 min of a standard fatigue protocol (cervical dislocation). Tibialis anterior muscles were removed from the mouse as quickly as possible after the last tetanus of the series (ϳ10 s) and immersed in liquid N 2. The muscles were stored in liquid N2 until analyzed. Prior to analysis, each muscle was weighed, freeze-dried overnight, and then broken into small fragments in an Eppendorf container. After addition of 750 l of 0.5 M perchloric acid, the Eppendorf container was vortexed vigorously. The solution was then briefly centrifuged at 0°C. The supernatant (700 l) was removed and neutralized with 150 l of 2.1 M KHCO 3 and centrifuged a second time to sediment perchlorate crystals. The supernatant (800 l) was stored at Ϫ80°C prior to NMR analysis (21). For 31 P-NMR spectroscopy, the samples were thawed, and 2 mM triethylphosphate in deuterium oxide was added to provide a reference peak. The 31 P spectra were recorded at 162 MHz in a Bruker WM400 spectrometer averaging 256 90°pulses and a relaxation delay of 1 s between transients (for details see Ref. 9). The resulting spectra had identifiable phosphocreatine and P i peaks, but the ATP peaks were generally too small for reliable analysis. The peak areas were determined using integrating software and converted to concentrations (mmol/kg wet muscle) by comparison with known solutions of 10 mM phosphocreatine and 5 mM P i.
Statistics. Values are means Ϯ SE. Statistical significance was tested with Student's paired t-test or one-way ANOVA as appropriate.
RESULTS
Force during fatiguing stimulation. A representative record of standard fatigue protocol is shown in Fig. 3 . Force was stable at the initial slow rate of stimulation (1 tetanus every 2 min) and fell monotonically when the rate was increased to one tetanus every 4 s. Force generally reached a steady level at the higher frequency, which averaged 49 Ϯ 5% (n ϭ 13) of the initial level. The half time of the falling phase was 36 Ϯ 5 s, and force was usually stable after 2-4 min. When slow stimulation was restarted, the force recovered, and, on average, it had recovered to 86 Ϯ 4% by 4 min. In fatiguing stimulation lasting up to 10 min, we never observed the force stabilizing at an intermediate level and subsequently starting to fall again, as routinely observed in isolated single fibers (29, 34, 42) .
Blood flow and temperature measurements. Blood flow in the resting, undisturbed muscle was 117 Ϯ 11 arbitrary flow units, and after dissection of the muscle and attachment to the force transducer, there was no significant change in blood flow (149 Ϯ 15 units, n ϭ 5, P ϳ 0.2). During stimulation, flow increased in two phases (Fig. 4) , reaching 378 Ϯ 22 units after four contractions. Thereafter, there was a second, slower component of increase, not present in all preparations, reaching 421 Ϯ 35 units (P ϭ 0.0002 vs. resting) at the end of 4 min of stimulation. Flow returned to baseline over several minutes. Thus the increase in blood flow in the standard fatigue protocol was 2.8-fold.
Muscle temperature in these experiments was 30.5 Ϯ 0.6°C. In some experiments, the muscle was superfused with Tyrode solution at 37°C, but this had little effect on the muscle temperature, which was low because the core temperature of the mouse declined during anesthesia. In a few experiments, we used a mouse heater blanket to maintain the mouse close to 37°C. In these experiments, the muscle temperature was 36 -37°C, and the muscle fatigue appeared similar.
Myoplasmic [P i ] after various fatiguing protocols. Under resting conditions, [P i ] averaged 7.6 Ϯ 1.7 mmol/kg muscle wet wt and increased to 16.0 Ϯ 1.6 after 4 min of the standard fatigue (P ϳ 0.007, n ϭ 6). After 4 min of recovery, [P i ] was 9.3 Ϯ 0.6 mmol/kg wet wt (P ϳ 0.4 vs. control). In the "double duty cycle," the force declined to a lower level (32 Ϯ 3% control) and [P i ] increased further to 24.0 Ϯ 2.1 mmol/kg wet wt (P ϳ 0.015 vs. standard fatigue). In the "extended-fatigue" protocol, there was no further change in force, and [P i ] was 16.6 Ϯ 1.0 mmol/kg muscle wet wt, which was not significantly different from the standard fatigue (P ϳ 0.77). Finally, after cervical dislocation, when blood flow had ceased, we performed a standard fatigue protocol in which force fell rapidly to a stable level of 7 Ϯ 2% control, and at the end of this protocol, [P i ] was further increased to 30.7 Ϯ 2.7 mmol/kg wet wt (P ϳ 0.015 vs. fatigue). These force and [P i ] data are shown in Fig. 5 and show a strong negative correlation between force and [P i ] under all the conditions tested.
[
] myo during fatiguing stimulation. Two examples of the fluorescence ratio from YC2-transfected fibers during fatiguing stimulation are shown in Fig. 6 . Figure 6A shows a representative experiment; note that when the muscle is resting, most of the fibers have ratios between 1.02 and 1.05, with a tendency for the ratio to fall gradually during the experiment, presumably due to some bleaching that is not fully corrected by ratioing. When a contraction occurs during a confocal sweep, the ratios are much higher, usually 1.1-1.23. In most experiments, the ratio was near maximal for three to five tetani (3, 7, and 9 in Fig. 6A ), because the fluorescence image coincided optimally with the tetanus and with a fiber in focus. Most experiments also showed a series of tetanic Ca 2ϩ signals (3-6 in Fig. 6A ) that fell monotonically during the period of highfrequency stimuli. Because tetani are occurring frequently in this period, there are regular coincidences of images and tetani, and we assume that such signals are representative of the true tetanic [Ca 2ϩ ] myo . In this experiment, the two peaks in tetanic [Ca 2ϩ ] myo in the preceding low-frequency stimulation period (1 and 2 in Fig. 6A ) are small; in particular, they are much smaller than the first recorded peak during the fatigue protocol ]myo values are no longer resolved under these conditions. C: mean records from the beginning and end of the fatiguing period and, where available, tetanic [Ca 2ϩ ]myo during recovery. Error bars, SE. Statistical tests were performed on paired differences (brackets above bars). **P Ͻ 0.01; *P Ͻ 0.05.
(3 in Fig. 6A) ; in such cases, we assumed that these were not representative of the control period. Sometimes, as in the experiment shown in Fig. 6B , the tetanic ratios were captured regularly throughout the stimulation period. In this experiment, the muscle was subjected to a short period of one tetanus per 3 s when force had reached a steady state; during this period, the YFP-to-CFP ratio failed to resolve the resting and tetanic ratios. Given these uncertainties, we measured the largest control tetanic [Ca 2ϩ ] myo or the first large tetanic [Ca 2ϩ ] myo during the fatigue and defined this as the initial tetanic [Ca 2ϩ ] myo (3 in Fig. 6A ). In Fig. 6C the first ("initial") bar shows the mean and SE of 8 such measurements. Then we measured the most reliable tetanic [Ca 2ϩ ] myo at the end of fatigue (6 in Fig. 6A ) and the bar labeled 'end' in Fig. 6C shows the mean and SE of these measurements. Although these SEs are quite large, the variability of the paired differences is much smaller (0.081 Ϯ 0.017), and there was a highly significant decline in tetanic ratios (P Ͻ 0.01, n ϭ 8) during fatigue. Tetanic [Ca 2ϩ ] myo was measured during recovery, when there were substantial transients after the fatigue run (7 and 9 in Fig.  6A ), and the record closest to 4 min was selected. Only four of the eight experiments had suitable records, and the mean and SE are shown as the recovery bar in Fig. 6C . Clearly, these are not significantly different from the initial period, but the recovery is significantly greater than the end value (P Ͻ 0.05, paired t-test). [Ca 2ϩ ] SR during fatigue. Muscles were transfected with D1ER for these experiments, which were technically easier because the resting value of [Ca 2ϩ ] SR is less sensitive to movement artifacts. D1ER YFP-to-CFP ratios obtained before, during, and after the fatiguing stimulation are shown in Fig. 7 , A and B. In the control period, the ratios were in a narrow range of 1.27-1.31; during stimulation, the ratio generally fell, although there was considerable variability. When the force was steady at one per 4 s, the ratio averaged 1.15. During the subsequent period at one tetanus per 3 s, force and the SR ratio showed a further substantial decline. During the recovery period, the signal is again variable, but some recovery appears to occur. A notable feature of the recovery period in Fig. 7B is the sharp decline in the ratio when a tetanus coincided with the ratio measurement, consistent with the D1ER signal originating from the SR. Mean data from 10 experiments of this sort are shown in Fig. 7C . There was a clear and highly significant decline in [Ca 2ϩ ] SR between the period before stimulation and the final phase of fatigue, when force had stabilized at one tetenus per 4 s. After 4 min of recovery, there was significant, but incomplete, recovery of[Ca 2ϩ ] SR . Where the time course of the decline in [Ca 2ϩ ] SR could be estimated (as in Fig. 7, A and  B) , it was not obviously different from the time course of the decline of force.
DISCUSSION
Limitations of the study. In this model of fatigue, muscle temperature is 30°C and blood flow is intact and increases in response to contractile activity. The appropriate temperature for studies of mammalian muscle is not entirely clear. Peripheral muscles in the mouse foot were found to be 30°C (6) , and peripheral human muscles can operate over a wide range of temperatures, depending on the environmental conditions (14) . So the temperature in the present study is within the range that can occur in intact mammals. The increase in blood flow in these experiments (2.8-fold) was modest, given that increases in blood flow in maximally activated human muscles can reach 100-fold (40) . Possible reasons for this small increase in our experiments are as follows: 1) the duty cycle in our experiments was only 0.1, 2) anesthesia may have affected the resting flow or the increase during exercise, and 3) the centrally invoked increase in blood pressure, which normally occurs during exercise, would be absent in our experiments. In support of reason 1, blood flow in dog muscle during fatigue with a duty cycle of 0.13 increased sixfold (22) .
An important issue is whether the cameleons reliably measure the parameters intended. The two indicators were characterized by Rudolf et al. (38, 39) ; using the same animal, muscle, indicators, and loading protocol, they provide good evidence that the indicators measure [Ca 2ϩ ] myo and [Ca 2ϩ ] SR , respectively. Several recent studies used D1ER in isolated single muscle fibers and confirmed its distribution and ability to monitor [Ca 2ϩ ] SR (8, 24) . In these studies on single fibers, two lines of SR loading were seen per sarcomere, as expected for the two t tubules per sarcomere in mammalian skeletal ]SR) analyzed using the D1ER indicator. A: ratios calculated at 15-s intervals throughout the experiment (top; record is noisy but shows a downward trend during stimulation and a modest recovery during rest) and simultaneously recorded force development (bottom). B: results from an experiment similar to A. C: average data from 10 experiments. Error bars, SE. Statistical tests were performed on paired differences (bracket above bars). ***P Ͻ 0.001; **P Ͻ 0.01. muscle. Since we only detected a single line of SERCA staining and D1ER staining per sarcomere (Fig. 2B) , we suspect that the resolution in our experiments is inadequate to separate the two sets of closely spaced SR terminals. The movement artifacts and inability to precisely synchronize the confocal images with the tetani are weaknesses of the present experiments that will need to be improved in the future. While these improvements are desirable, we think the main novel results, specifically the decline of tetanic [Ca 2ϩ ] myo during phase 1 and a coincident decline in [Ca 2ϩ ] SR levels, are reliable, despite these concerns.
The values of resting [P i ] are higher in this study (7.6 Ϯ 1.7 mmol/kg wet wt) than in many studies (for review see Ref. 27 ). In addition, ATP peaks were too small to reliably quantify, raising the possibility of some artifactual hydrolysis of ATP during the extraction. Given the relatively small elevation of resting [P i ], any such ATP breakdown during extraction must have been small and should not affect the increase in [P i ] observed during fatigue.
Force changes in this model of fatigue. The pattern of changes in force in this model is similar to comparable studies (36) but substantially different from single-fiber models of muscle fatigue, although the stimulation protocol is similar. In single type IIx fiber models, force falls usually within 1 min (phase 1) to a new steady state (phase 2), which is typically 80 -90% of maximum. After a very variable period, the force starts to decline again (phase 3). In the present blood-perfused model, the decline of force was slower, taking 2-4 min to reach a steady level, which was ϳ50% of the initial value. For simplicity, we refer to the initial fall in the blood-perfused preparation as phase 1 and the steady phase as phase 2, while recognizing that the mechanisms involved may be different from the isolated single fiber.
An important consideration is the fiber types in the tibialis anterior muscle and the way in which these influence the magnitude and time course of fatigue. Percival et al. (36) show that the mouse tibialis anterior consists almost entirely of fast-twitch fibers, with 34% type IIa, 55% type IIb, 5% type I/IIa, 5% type IIa/IIb, and 1% type IIx. Using the single motor unit approach, Larsson et al. (30) studied the fatigability of different fiber types in the rat tibialis anterior. Using a duty cycle of 0.4 (compared with 0.1 in our study), they showed that the type IIa fibers retained 93% of control force after 4 min, whereas the type IIb fibers had declined to only 2% of control force. Type IIx fibers were present in rat tibialis anterior and showed an intermediate decline to 42%. For simplicity, we will assume that mouse tibialis anterior contains 42% fatigueresistant type IIa-like fibers (IIa ϩ I/IIa ϩ 1/2 IIa/IIb) and 58% fatigue-sensitive type IIb-like fibers (IIb ϩ 1/2 IIa/IIb). Thus, in our preparation, we assume that the 42% type IIa-like fibers would be largely unfatigued and that the main component of fatigue occurred in the 58% of type IIb-like fibers. This complicates the analysis, because we are uncertain of how much of the P i change occurred in each fiber type, but to a first approximation, we assume that most of the fatigue and much of the P i change occur in the type IIb fibers. If this is the case, then the type IIb-like fibers are fatiguing to ϳ1 Ϫ (49/58) ϭ 16% of control, while [P i ] increased from 7 mM to Ն17 mM.
Studies on single isolated fibers from flexor digitorum brevis, which contains mainly type IIx fibers (1), show two distinct phases of fatigue. Phase 1 is small and rapid and is generally thought to be caused by the inhibitory effects of P i on the maximum Ca 2ϩ -activated force (F max ) (18) through its inhibition of the transition from weakly bound to strongly bound cross bridges (19) . Many studies of metabolic levels inside muscle show substantial increases in P i early during fatiguing stimulation (7, 12) , and we have confirmed these in the present study.
However, there is a quantitative difficulty with this explanation when applied to mammalian muscles at body temperature. Early studies of the effects of P i on skinned fibers showed large reductions in F max and reduced Ca 2ϩ sensitivity at room temperature (28) . More recent studies have been performed at nearer the operating temperature of mammalian muscle, and the effects of P i on F max are much reduced at 30°C. Debold et al. (15) found that increasing P i from 0.6 to 30 mM decreased F max by only 3% in fast-twitch fibers at 30°C. Thus it is difficult to explain an 84% fall in force in the type IIb-like fibers by this mechanism alone. However, the reduction in Ca 2ϩ sensitivity caused by increased P i is larger at 30°C than at 15°C (15) . For this mechanism to contribute to the decline in force, there would have to be a reduction in tetanic intracellular Ca 2ϩ concentration or the reduced Ca 2ϩ sensitivity would have to be so large that the normally supramaximal tetanic [Ca 2ϩ ] myo became submaximal. Although we did not measure pH changes in the present experiments, the literature suggests that the effects of pH on force at 30°C would be small (for review see Ref. 3) . Ca 2ϩ handling in the blood-perfused preparation. Another feature of the blood-perfused preparation that is different from the isolated single fiber is the handling of Ca 2ϩ . In single fibers, the tetanic [Ca 2ϩ ] myo increases during phase 1 (4, 42) , and this is thought to be caused by the increase in P i , which inhibits the SR Ca pump (for review see Refs. 5 and 13). In phase 2, and increasingly in phase 3, the tetanic [Ca 2ϩ ] myo gradually declines by a mechanism that is uncertain (2) . In contrast to the isolated mouse single fiber, in the bloodperfused preparation, we saw no evidence of an early rise in tetanic [Ca 2ϩ ] myo . Instead, we saw a progressive decline in tetanic [Ca 2ϩ ] myo , which appeared to have a time course similar to phase 1 (Fig. 6B) . It is likely that the changes in tetanic [Ca 2ϩ ] myo were in type IIb-like fibers, because these are the only fiber types on the superficial surface of the tibialis anterior (30, 36) . This decline of tetanic [Ca 2ϩ ] myo throughout phase 1 raises questions. 1) Is it sufficiently large to influence the force development? 2) What is its mechanism?
In single fibers, it has been proved that the reduction of tetanic [Ca 2ϩ ] myo in phase 3 contributes to the decline of force by rapid application of caffeine, which increases the tetanic [Ca 2ϩ ] myo and allows recovery of phase 3 force to the phase 2 value (42). Similar experiments have been performed on intact, perfused muscles in which a high concentration of caffeine was perfused into the artery supplying the muscle, and a small but significant increase in force occurred during fatigue (23) . Thus these experiments (23) support the idea that there is some failure of full activation in fatigued, blood-perfused muscles.
Several mechanisms have been considered for the cause of the decline of Ca 2ϩ transients in phases 2 and 3 of single fibers. ] myo (17, 43) . 2) Extracellular K ϩ accumulation is a prominent feature of fatigue (41) and will cause depolarization, reduce action potential amplitude, and, potentially, reduce SR Ca 2ϩ release. All the abovedescribed steps have been shown to occur under various circumstances, but the importance of this mechanism in fatigue remains controversial (2). 3) P i can inhibit SR Ca 2ϩ release, and one proposed mechanism is that P i enters the SR and precipitates with Ca 2ϩ (20) . A substantial amount of circumstantial evidence supports this possibility; for instance, phosphate-permeable channels have been identified in the SR (31), the decline of tetanic [Ca 2ϩ ] myo is smaller in the creatine kinase knockout muscle, in which P i does not rise (11) , and the [Ca 2ϩ ] SR has been shown to decline during fatigue and recover thereafter (25) . An important feature of these hypotheses is that in mechanisms 1 and 2 Thus we propose that, during phase 1, there is a P i -induced reduction of Ca 2ϩ sensitivity, together with a small reduction in F max . Concurrently, there is a fall in tetanic [Ca 2ϩ ] myo caused by CaP i precipitation in the SR. The combination of these two factors may explain the large phase 1 decline of force in fatigued blood-perfused muscles. This means that phase 1 of the force decline in blood-perfused muscle has components that are present in phases 1, 2, and 3 of single isolated fibers; the reasons for the acceleration of the decline in tetanic [Ca 2ϩ ] myo in type IIb-like muscle are unclear but might simply result from the different fiber types involved.
Conclusions. In this blood-perfused, body temperature model of muscle fatigue, the initial fall of force probably occurs mainly in the fatigue-sensitive type IIb-like fibers, which show a very large decline in force. We suggest that the well-established rise of P i reduces Ca 2ϩ sensitivity and F max , although these effects alone would probably be too small to explain the decline in force. However, the coincident fall in tetanic [Ca 2ϩ ] myo amplifies the above-described effects of P i on the contractile machinery. Because we observed a fall in [Ca 2ϩ ] SR , this supports the hypothesis that precipitation of CaP i in the SR is the cause of the reduced SR Ca 2ϩ release.
